It was recently suggested that multiple point electrical stimulation along peripheral nerves could be used as an alternative method of obtaining a large and more representative sample of motor units, in the estimation of motor unit numbers ). This method was suggested in an attempt to eliminate the inherent problem of 'alternation' that affected all previous methods (McComas et al., 1971; Brown, 1972 Brown, , 1973 Sica et al., 1974; Ballantyne and Hansen, 1974; Panayiotopoulos et al., 1974; Brown et al., 1974; Milner-Brown and Brown, 1976) . With the aid of laboratory computer, the method of multiple point stimulation (MPS) has been used to isolate 10-30 motor units, exclusive of alternation, from the thenar and hypothenar muscles of 19 normal subjects and nine patients with entrapment neuropathies.
Multiple point stimulation (MPS) led to interesting statistically supportable evidence bearing on the question of the rank order of activation of motor units by electrical stimulation, a subject on which previous evidence has been in conflict. The contention that graded electrical stimulation of a nerve activates first the largest diameter fibres has been based on the observation that in sensory nerves the shortest latency fibres have the lowest threshold (Erlanger and Gasser, 1973; Tasaki, 1939) . That this assumption may not be applicable in the case of nerve fibres of uniform functional fibre type (motor axons), particularly in the case of humans, has been suggested by evidence that the first motor axons excited have had the longest latencies from the point of stimulation to the initial deflection of the evoked potential recorded from the muscle using surface electrodes (Hodes et al., 1965; Bergmans, 1970) . This question of the excitability order of motor axons made it necessary also to examine the relationship of motor unit size to latency.
Multiple point stimulation helped to extend the understanding of the limitations of electrical stimulation of motor nerves by testing for exclusion of the larger motor units (MUs) by comparing MUs isolated by isometric contraction with MUs isolated using MPS and quantitating the degree of overlap in the firing levels of the first one to five motor axons.
Finally, MPS has been used to compare the 973 sizes of motor units evoked by stimulation at proximal vs distal points along the length of the nerve. Earlier evidence based on histological (Eccles and Sherrington, 1930; Wray, 1969) and axon reflex (Fullerton and Gilliatt, 1965) , investigations had led to the contention that little or no significant axon branching occurs 150 mm proximal to the motor point in healthy human motor nerves. On the contrary, in this investigation-, evidence of a progression from smaller to larger mean motor unit potential sizes as much as 200-400 mm proximal to the motor point suggested the possibility of more proximal axon branching, and one more limitation in the use of distal motor nerve stimulation in the estimation of mean motor unit potential sizes.
This paper therefore deals with (1) the mean motor unit potentials of 10-30 MUs isolated from normal subjects and patients with peripheral neuropathies using the method of MPS of peripheral nerves, (2) the rank order of recruitment of MUs during graded electrical stimulation, and (3) the extent of axonal branching along peripheral nerves.
METHODS SUBJECTS
Four groups of volunteers were obtained. Group 1, the 'ulnar control group', consisted of 19 healthy volunteers with a mean age of 26 (20-37) years. Group 2, the 'median control group', consisted of 12 healthy volunteers with a mean age of 27 (2045) years. Most of the control subjects were medical students and residents in the Department of Neurology, with no history or clinical evidence of neurological disease. Group 3, the 'ulnar pathological group', consisted of nine volunteers with a mean age of 43 (21-62) years. All had previously had anterior ulnar nerve transpositions because of ulnar nerve compression at the elbow. Group 4, the 'median pathological group', consisted of nine volunteers, mean age of 53 (40-75) years, who had previously had carpal tunnel releases performed because of median nerve entrapment at the wrist.
ELECTROPHYSIOLOGICAL TESTS
The muscles investigated included the thenar and hypothenar groups using experimental arrangements that have been described in detail before (Feasby and Brown, 1974; Brown and MilnerBrown, 1976) . The new modification introduced in this report has been to stimulate the respective motor nerves at 10 to 20 points along the length of the nerve from the level of the wrist to the upper arm. The underlying nerve was stimulated using percutaneous electrodes and brief (0-05-0-1 ms) electrical pulses at a frequency less than 1/s. The stimulus voltage was increased in a graded manner until the first and subsequent motor units were, in turn, excited in an all or nothing manner, only MUs having distinct thresholds-that is, no alternation-being accepted in the motor unit sample (Fig. 1) .
Measurement of the MU parameters by subtraction was made necessary because the baseline was not '0' but frequently distorted by artefact from the stimulus or contraction of the proximal muscles, the latter occurring in the case of stimulation of the motor nerves in the upper arm.
The question of the frequency of overlap of motor unit firing levels at each point of stimulation was investigated by counting the number of times that 0, 1, 2 . . . 5 MUs could be activated, in order, exclusive of alternation using trains of constant intensity stimuli (Brown and MilnerBrown, 1976 ).
STATISTICAL ANALYSIS
The order in which motor units were activated in terms of amplitude (p-pV), area, and latency by electrical stimulation was statistically analysed by two methods. In the first, the significance of the correlation between amplitude, area or latency and the order of activation, was tested using Kendall's 'rank correlation methods ' (1962) as applied by The peak voltages of motor units activated at one point are not temporaly coincident because of variations from unit to unit in the latencies from stimulation to initial MU deflection (L,) and from the latter to the peak voltage (L2). This fact makes it impossible to compare the means of the maximum p-p voltages of motor units using MPS or isometric contraction, with the mean MMUP obtained using the conventional method (McComas et al., 1971) or the method incorporating a correction for alternation UNIT' POTENTIAL (MMUP) In this investigation 'all' or 'nothing' discharges from more than one motor unit occurred at motor threshold in 20-30% of the points stimulated in controls. Table 1 illustrates the fre- Fig. 2A illustrates that all motor units recruited from hypothenar muscles by MPS were less than 0.250 mV p-pV, most being less than 0.100 mV p-pV. Using isometric contraction, by contrast, 24% of the motor units were larger than 0.300 mV p-pV and only 41% less than 0.100 mV (Fig. 2B) .
The above results are contrary to those obtained in the preliminary study (Brown and MilnerBrown, 1976) , and thus eliminate MPS as a potential method for obtaining a more representative mean motor unit potential and a more accurate motor unit estimate. The rest of the paper deals with results pertaining to the rank order of recruitment of MUs and the extent of axonal branching using multiple point stimulation of peripheral nerves.
RANK ORDER OF RECRUITMENT OF MOTOR UNITS
From the beginning of this investigation it was observed that the latency, area, and p-pV of MUs were related to the rank order of activation by the electrical stimulus. Graded stimulation at each point excited first, small motor units that had long latencies, progressive increases in the stimulus intensity activating increasingly large motor units having shorter latencies (Fig. 3) . As described in the Methods Section, pairs of MUs in each set were ranked in the order of activation and compared with the ranked order of increasing p-pV of decreasing latency. The positive and negative scores obtained in the ulnar control and pathological groups are summarised in Tables  2A and B . The results indicate a statistically significant correlation (P<0.01) between increasing p-pV, decreasing latency, and the rank order of recruitment of MUs in each set as well as in combined sets, except the two unit set of the pathological group. In the median nerve groups, however, the corresponding correlations were not statistically significant in the two and three unit sets, but the combined sets showed statistical significance (P<0.01). The reason for this difference between ulnar and median groups is not apparent.
The data were further analysed statistically by correlating the mean p-pV of the first 1-3 MUs activated with the rank order of activation. The results obtained from the ulnar and median control groups summarised in the form of a histogram, in Fig. 4A , B, were statistically significant (P<0.05). In the pathological groups similar rank order of recruitment was observed, except that the MUs recruited had larger p-pV (Fig. 5) (Table  3 ). Both methods therefore provided statistically significant support that graded electrical stimula- The degree of overlap could be interpreted to statistically mean that the relative position of nerve fibres with respect to the surface stimulating electrode was much the same at points along the length of the nerve 200 mm or more apart, or possibly g was sup-that the stimulation selectivity activated many of by direct the same fibres at the two levels because the )y isometric fibres had inherently higher excitabilities than ed by MPS other fibres. It is quite likely that both factors, position and absolute excitability, combined to muscle, the determine the particular fibres activated at any ension and point, a conclusion supported by the compleas activated mentary fact that collision did not occur in close Fig. 9 ). The to two-thirds of the fibres activated at the two ritch tension points in the collision experiments. imi strongly
The rank order of the excitabilities of motor .rent in the unit to nerve stimulation received further supits of small port by the apparent exclusion of large motor voltage-time units of threshold stimulation. Comparison of the little force, sizes of motor units isolated by MPS with units area units isolated using isometric contraction showed that larger motor units recruited at high force levels were not included in the sample of motor units using MPS. The collective evidence can best be interpreted by the conclusion that the 'size is investiga-principle' previously accepted using other methods ruited in an of activation in humans (Milner-Brown et 1973b; Freund et al., 1975) and animals (Henneman and Olson, 1965; Burke, 1967 Burke, , 1968a is applicable also to nerve stimulation. The rank order of activation observed in this investigation would not have been expected because of the more traditional view that the largest fibres having the fastest conduction velocities are first activated by brief stimulus pulses (Erlarger and Gasser, 1937) . rhe latter evidence was based on the relative excitabilities of fibre groups in the compound action potential of cutaneous nerves and supported by evidence that the current required to excite single myelinated fibres is less for larger than for the smaller diameter fibres (Tasaki, 1953) . In the latter report, however, little correlation between excitability and fibre size was present in fibres over 10 ,tm in diameter. Also no evidence to date had established that in nerve fibres of uniform functional type, for example motor axons, excitability was related to motor unit size. In the extensor digitorum communis muscle of the baboon, no relation between the conduction velocity and twitch tension of motor units of that muscle was observed (Eccles et al., 1968) .
In man, using surface stimulation, it has been reported that the first motor units activated have longer latencies than the maximum compound potential (Hodes et al., 1965; Bergmans, 1970) . Moreover, the largest motor units that can be isolated using the F recurrent discharge technique have been isolated at stimulus intensities much above motor threshold (Feasby and Brown, 1974 (S,) and at the elbow (S2) 5 ms later.
Upper traces are compound potentials recorded from thenar muscles when S1 and S2 are applied separately. Lower trace shows compound potential due to S, alone (R1) and the compound potential when S1 is followed 5 ms later by S2 (R2). The reduction in R2 suggests that many of the same axons have been preferentially excited at both points of stimulation.
An earlier report using galvanic stimulation (Kugelberg and Skoglund, 1946) reported that ramp, long duration, increases in the stimulus intensity first activated small motor units, possibly the result of greater accommodation in the larger myelinated fibres. The latter interpretation could not explain the order of excitabilities in the present investigation or the reports of Bergmans (1970) or Hodes et al. (1965) that utilised brief stimulus pulses (1.0 ms or less). On the basis of this investigation it is not possible to determine the exact contribution of the anatomical arrangement of motor axons in a nerve to the order of excitabilities of nerve fibres.
In the case of extracellular current stimulation, the current necessary to excite a fibre could be expected to be inversely proportional to the external longitudinal resistance between nodes, in turn proportional to the internode length (Mountcastle, 1974) , a factor that alone would account for the higher excitability of the larger diameter nerve fibres having longer internode lengths. Other factors, however, are likely to be important including the nodal resistance and area. In fact, the input resistance of smaller diameter fibres could be expected to be higher, a factor that could reduce the amount of external current required to excite the fibre.
It was important to establish that the large surface motor units generated more force than motor units of less p-p voltage and area. The relationship between surface voltage and force has been established in the first dorsal interosseous muscle (Milner-Brown and Stein, 1975) . In the present context this relationship between the p-p voltage and twitch tension of hypothenar motor units has also been observed. Moreover, large p-pV and area motor units had short latencies (Figs. 6, 7) and an inverse relationship between relative latency and twitch tension has been reported by Freund et al. (1975) . Therefore, it was feasible to assume that the rank order of activation from small to large p-pV and area motor units by graded increases in the stimulus intensity was likely to be true also for twitch tension. Unfortunately, the twitch tensions of motor units using the MPS method could not be measured properly because of the complex of vectors of the direction of action of single motor units in the hypothenar and thenar muscle groups.
Motor unit potentials excited in an all-ornothing manner by electrical stimulation at points along the nerve can be considered to correspond to complete motor units only if no axon branching proximal to the point of nerve stimulation is present. Axon branching, if present, could mean that stimulation at points distal to the branching would excite fractions of single motor units corresponding to the all or nothing discharge of individual axon branches and could account in part for the apparent exclusion of large motor uinits by nerve stimulation.
Axon branching in healthy nerve based on investigations of axon reflexes (Fullerton and Gilliat, 1965) and anatomical investigations in animals (Eccles and Sherrington, 1930; Wray, 1969) has been considered to be unlikely at points 100 mm or more proximal to the motor point. In the present investigation, motor units excited distal to the elbow were noted to be smaller compared with units activated proximal to the elbow, particularly in the ulnar nerve, an observation that could be interpreted to mean that axon branching is present in the forearm much more than 100 mm proximal to the motor points. Even if so, such axon branching could have been the result of subclinical damage to the ulnar nerve as described by Neary et al. (1975) . One the German pects of their subject. There is a masterly Lccount of the summary of historical and conceptual ipathology of issues, including a succinct and illuminatas long been ing section on minimal brain dysfunction, lax Hamilton and the discussion of psychotherapy tion. He has provides a carefully weighted and pragsections, but matic account of both behaviour modificad modernised tion and more traditional approaches. id treatment.
The book is well produced, and though -cond edition the price might be deemed somewhat high Fish would even in the present financial climate, the investment will be well worth while for J. L. GIBBONS workers in the fields of child psychiatry and paediatrics; for others it is a model of careful and thoughtful presentation. 
